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Edited by Felix WielandAbstract Rab14 localizes to the Golgi/TGN and to early endo-
somes, but its biological function remains unclear. By structural
modeling, we identiﬁed Rab14-speciﬁc residues and established a
close relationship between the Rab2/Rab4/Rab14, Rab11/25 and
Rab39 sub-groups within the Rab protein family. By quantitative
confocal microscopy and by density centrifugation we show that
Rab14 is part of the early endosomal AP-1 microdomain. Over-
expression of a dominant-negative Rab14 GTP-binding mutant
that solely localizes to the Golgi donor compartment accelerated
EGF degradation. We suggest that the AP-1 microdomain rep-
resents the interconnecting compartment in which Rab14 vesicles
cycle between early endosomes and the Golgi cisternae.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Rab GTPases represent a branch of Ras-like GTP-binding
proteins and are localized at the cytoplasmic face of distinct
membrane-bound organelles reviewed in [1–3]. Rab proteins
have key functions in intracellular traﬃcking in eukaryotic
cells, controlling accurate ﬁssion and fusion of transport vesi-
cles with their target membranes during biosynthetic/secretory
and endocytotic pathways [4–8]. As reﬂected by their compart-
ment-speciﬁc intracellular localization, Rab proteins function
in endoplasmatic reticulum (ER)-Golgi (Rab1, Rab2) or in ret-
rograde Golgi-ER (Rab6, Rab2) traﬃc. Golgi/trans-Golgi net-
work (TGN) transport is mediated by a large group of Rab
proteins, such as Rab10, Rab12, Rab13, Rab30, and Rab33b.
The secretory vesicle pathway is regulated by Rab8 and
Rab26, and some Rab proteins are specialized for synaptic ves-
icles (Rab 3a, b, c, d) or synaptic granules (Rab26). Endocyto-
sis is mediated by Rab5, and early endosome traﬃc is
regulated by Rab4, Rab15, Rab18, Rab20 and Rab22. There-*Corresponding author. Fax: +49 70 71 29 5359.
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doi:10.1016/j.febslet.2006.08.053by, Rab4 functions at the stage of early sorting endosomes and
mediates receptor recycling to the plasma membrane [9,10].
Rab11, Rab25 and Rab17 are associated with recycling endo-
somes and Rab7, Rab9 and Rab24 move endosomes through
the late endosome stage to lysosomal degradation (reviewed
in [3]).
Rab14 is ubiquitously expressed and localizes to the Golgi/
TGN and at early endosomes [11]. We show here that Rab14
decorates approximately 50% of all AP-1 vesicles, and 50%
of all Hrs or EEA1 positive early endosomes. Unlike overex-
pression of Hrs [12], overexpression of Rab14 did not interfere
with EGF degradation, but a dominant-negative GTPase
binding deﬁcient Rab14 mutant accelerated the degradation
of EGF. We further present a comprehensive bioinformatic
analyses of Rab14.2. Materials and methods
2.1. Selection of Rab sequences
A converged PSI-BLAST [13] search with Rab14 (AAF00150) and
an inclusion threshold (h) of 0.05 was used to determine Rab se-
quences. Using CLANS [14], full-length sequences were extracted for
all high scoring segment pairs (HSP’s) up to E-values of 1, and cluster-
ing returned a delineated group for Rab proteins consisting of 1186 se-
quences. BLAST searches were performed for all 1186 representatives
and full length sequences extracted for all HSP’s with E-values better
than 1e-5.
2.2. Sequence alignment, determination and visualization of relevant
residues
Sequences from Rab2, Rab4, Rab14, Rab11, Rab25 and Rab39
were aligned using MUSCLE [15]. Inserts and the highly variable C-
terminal region of Rab sequences were removed, as these could not
be reliably aligned. Reﬁned sequences were combined and manually
aligned to one another. Using HHPred [16] and our human Rab14
cDNA isolate (AAF00150), the best hit (1UKV_Y) was selected as
template to create a structural Rab14 model. To determine residues
with high conservation within Rab14 but low similarity to Rab2 or
Rab4, or high conservation within Rab2/4/14 and low similarity to
Rab39 and Rab11/25A, sequence proﬁles for each group were derived
and compared. Using ALNEdit and Rasmol, these residues were visu-
alized in alignment and structural view (residue assignments for nucle-
otide binding, complementary determining and switch regions taken
from [17–19]).
2.3. Transient transfections and quantitative confocal microscopy
According to Proikas-Cezanne [20] transient transfected HeLa cells
(ATCC) were used for indirect immunoﬂuorescence and analyzed by
confocal microscopy using a LSM510 microscope (Zeiss) and a
63 · 1.4 DIC Plan-Apochromat oil-immersion objective. Antibodies:
anti-EEA1, anti-adaptin c (BD Biosciences), anti-Lamp2 (Santa Cruz),blished by Elsevier B.V. All rights reserved.
Fig. 1. Cluster analysis of human Rab14 protein and 2-dimensional representation of all pair wise sequence similarities. Sequences with high
similarity are connected by dark lines and lie close together, sequences with less similarity are connected by lighter lines and lie further apart. Clusters
for Ras, Rho and Rab sequence representatives (top left). Rab proteins and Rab sub-groups (right). Reﬁned clustering of the novel Rab2/4/14 sub-
group (bottom left).
Fig. 2. Stereographic representation of a Rab14 structure model
missing the hypervariable C-terminal region. Yellow: residues involved
in nucleotide binding; blue: residues corresponding to the Rab3A
complementary determining region; brown: residues belonging to the
switch1 and switch2 regions; red: novel Rab14-speciﬁc residues; green:
5242 T. Proikas-Cezanne et al. / FEBS Letters 580 (2006) 5241–5246anti-Rab7 (Sigma), anti-GFP (Roche), Alexa Fluor 546 goat anti-
mouse or anti-rabbit IgG (Molecular Probes). Respectively, Lysotrac-
ker and TO-PRO-3 (Molecular Probes) were used to stain lysosomes
and cell nuclei. According to Raiborg et al. [12], endogenous Hrs
was detected using anti-Hrs antibody (H. Stenmark, The Norwegian
Radium Hospital, Oslo, Norway).
Using Image-Pro Plus 4.5 (MediaCybernetics) for the quantiﬁcation
of co-localizing vesicles, images from 3 to 4 independent experiments
(10 transfected cells from each experiment) were analyzed.
2.4. EGF receptor degradation assay
Degradation of Alexa Fluor 555 labeled EGF (Molecular Probes)
was assayed according to Raiborg et al. [12] and the percentage of
undegraded EGF calculated from images taken from 10 pEGFP.C1
vector, 10 pEGFP.C1-Rab14 or 10 pEGFP.C1-Rab14S25N transfec-
ted cells at each time point. The mean intensity of the Alexa Fluor
555 labeled EGF was quantiﬁed using Image-Pro Plus 4.5 software
(MediaCybernetics).
2.5. Subcellular fractionation
Subcellular fractionation was conducted using Optiprep (Axis-
Shield) according to the manufacture’s protocol S23. Using a TeﬂonN 
novel rab2/4/14 sub-group speciﬁc residues. The bottom image shows a
view of the structure rotated around the Y-axis. The Rab2/4/14 speciﬁc
residues appear buried in the structure and in close proximity of one
another on three of the ﬁve beta strands (beta 1, 2, 4) and the C-
terminal alpha helix. Mostly, amino acid side chains of the Rab2/4/14
speciﬁc residues are placed towards the center of the protein, indicating
that these residues play a role in both protein folding ability and
protein stability. This, in turn, points to these residues being slowly
evolving, and the grouping of these sequences being due to features
shared because of common ancestry instead of evolutionary conver-
gence.
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Fig. 3. Co-localization of GFP-Rab14 with adaptin c, Hrs and EEA1. GFP-Rab14 transfected HeLa cells were immunostained with anti-adaptin c
(clathrin-coated vesicles) (3a), anti-Hrs (early/late endosomes) (3b), anti-EEA1 (early endosomes) (3c) and IgG-coupled Alexa 546. Nuclei were
stained with TO-PRO-3. Bars: 20 lm. For the quantiﬁcation of co-localizing vesicles the total amount of GFP-Rab14 vesicles (left-hand side in each
of the graphs) or the total amount of adaptin c, Hrs or EEA1 vesicles (right-hand side on each graph) were used as reference. Quantiﬁcation is based
on three independent experiments using 10 transfected cells each.
T. Proikas-Cezanne et al. / FEBS Letters 580 (2006) 5241–5246 5243douncer, pEGFP.C1-Rab14 transfected HeLa cells were homogenized
in 0.25 M sucrose, 78 mM KCl, 4 mM MgCl2, 8.4 mM CaCl2, 10 mM
EGTA, 50 mM HEPES–NaOH pH 7.0 and centrifuged for 5 min at
1000 · g. The post-nuclear supernatant was layered on top of a pre-
formed continuous 5–20% Optiprep gradient and centrifuged for
19 h at 90000 · g. Gradient fractions (0.36 ml) were collected using a
Pharmacia LKB RediFrac collector. The following antibodies were
used for subsequent western blot analyses: anti-Rab4 (BD Biosci-
ences), anti-Rab7 (Sigma), anti-Rab11 (abcam), anti-p47A (BD Biosci-
ences), anti-Lamp2 (Santa Cruz), anti-GFP (Roche), anti-Hrs (H.
Stenmark), anti-rabbit IgG-HRP and anti-mouse IgG-HRP (both
GE Healthcare). Quantiﬁcation of western blot results was conducted
using ImageQuant 5.1 (GE Healthcare).3. Results
3.1. Cluster analysis and structural modeling of human Rab14
Using our human Rab14 clone isolate (AAF00150, see Sup-
plementary Data and Supplementary Fig. 1), we conducted a
CLANS cluster analysis with 1181 extracted PSI-BLAST
sequences and deﬁned Rab14 as a member of the Rab2/4/14
sub-group, being closely related to the Rab11/25 and Rab39
sub-groups (Fig. 1). By multiple sequence alignment we identi-
ﬁed Rab2/4/14 sub-group speciﬁc residues and Rab14-speciﬁc
residues (Supplementary Fig. 2). Using HHPred, we generated
a three-dimensional structural model of Rab14 in order to posi-
tion these residues (Fig. 2). Rab14-speciﬁc residues occur
peripherally on the structure, in close proximity to the
complementary determining region (CDR). In contrast, the
majority of Rab2/4/14-speciﬁc residues are located centrally inthe protein, the amino acid side chains pointing inwards, hint-
ing at family-speciﬁc structural, more slowly evolving, con-
straints (Fig. 2).
3.2. Rab14 is part of the clathrin-coated TGN microdomain
We conﬁrmed that Rab14 is localized throughout the Golgi/
TGN (Supplementary Fig. 3, Supplementary Movie 1) and to
the early endosomal compartment (Fig. 3). By quantitative
confocal microscopy we determined that GFP-Rab14 vesicles
co-localize with 51.99% of all endogenous adaptin c a vesicles
(AP1 clathrin-coated vesicles [21]), with 48.03% of Hrs positive
early endosomes and with 58.84% of EEA1 vesicles (Fig. 3). In
contrast, no co-localization with Rab7 vesicles, marking the
early to late endosome/lysosome pathway, or with lysosomes
(Lysotracker or anti-Lamp2 antibody stainings) was observed
(Fig. 4).
Routinely, we controlled the speciﬁcity of GFP-Rab14 local-
ization by using GFP-Rab14DGCGC215, a generated mutant
lacking the prenylation signal responsible for correct mem-
brane association (Supplementary Fig. 3), and by using
GFP-Rab14S25N, a dominant-negative GTP-binding deﬁcient
mutant [11,22] revealing that the Golgi cisternae should repre-
sent the donor compartment for Rab14 vesicles (Supplemen-
tary Fig. 4).
3.3. Partial co-fractionation of Rab14 with early endosomes on a
density gradient
We tested whether Rab14 also co-fractionates with early
endosomes on a density gradient. Post-nuclear supernatants
Fig. 4. GFP-Rab14 does not localize to late endosomes and lysosomes. GFP-Rab14 transfected HeLa cells were immunostained with anti-Lamp2 or
anti-Rab7 and IgG-coupled Alexa 546 (upper panel), or lysosomes were labeled by using Lysotracker (lower panel). Bars: 20 lm.
5244 T. Proikas-Cezanne et al. / FEBS Letters 580 (2006) 5241–5246were prepared from GFP-Rab14 expressing HeLa cells and
fractionated on a 5–20% Optiprep gradient using a well estab-
lished protocol [23], allowing us to separate early and recycling
endosomes from late endosomes and lysosomes (Fig. 5a).
GFP-Rab14 was detected in very low density regions (1.064–
1.04 g/ml iodixanol, Fig. 5), and co-fractionated with its close
homologue Rab4, a marker for early endosomes involved in
the sorting/recycling process (Fig. 5a, c, d). Also, GFP-
Rab14 partially co-fractionated with Hrs positive early endo-
somes and with Rab11-positive recycling endosomes (Fig. 5c,
d). The peak of GFP-Rab14 protein distribution was
found in fraction 22 (1.058 g/ml iodixanol), the Rab4 peak
in fraction 23 (1.053 g/ml iodixanol), and the Hrs peak at fra-
ction 24 (1.045 g/ml iodixanol) (Fig. 5a, d). Gradient speciﬁcity
was conﬁrmed by detecting Lamp2 and the p47A marker for
AP-3, and late endosomal Rab7 at higher densities (Fig. 5a, b).3.4. Overexpression of a dominant-negative GFP-Rab14S25N
accelerates EGF degradation
Overexpressed Rab14 did not interfere with transferrin
receptor endocytosis and recycling [11]. Here, we tested
whether overexpression of GFP-Rab14 leads to changes in
EGF receptor degradation. According to Raiborg et al. [12],
we compared the degradation of EGF in GFP versus GFP-
Rab14 expressing cells by internalizing Alexa555-labelled
EGF for 60 min, followed by an EGF chase for 0, 30, 60,
120 and 180 min. No changes were observed: an EGF chase
for 60 min resulted in the degradation of 44.4% EGF (55.6%
undegraded EGF) in GFP, and 42.3% EGF (57.7% unde-
graded EGF) in GFP-Rab14 expressing cells (Fig. 6a). How-
ever, GFP-Rab14S25N expressing cells promoted the
degradation of 66 % EGF (34% undegraded EGF) after
60 min (Fig. 6b).
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Fig. 5. Rab14 vesicles fractionate at low density. Post-nuclear supernatants were prepared from HeLa cells and fractionated on a 5–20% Optiprep
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distribution (%) in diﬀerent fraction (d). Peak fractions are indicated by triangles in (a).
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Consistent with recent results [11] we found GFP-Rab14 as a
marker for the Golgi/TGN and for early endosomes. Here, we
show that approximately 50% of all AP-1-coated TGN vesicles
are decorated with Rab14, likewise 50% of Hrs and EEA1 po-
sitive early endosomes are also positive for Rab14. Interest-
ingly, many Rab sub-groups that we found in our cluster
analysis display redundant biological functions. Because
Rab14 is a member of the novel Rab2/4/14 sub-group, it is
worthy of note that Rab4 functions in sorting recycling vesicles
from early endosomes, and that Rab2 is involved in recycling
events from pre-Golgi intermediates to the ER [24]. We found,
that Rab14 co-fractionated with its close homologue Rab4
(Fig. 5). From this, it is tempting to speculate that the Rab2/
4/14 group might represent Rab proteins that are commonly
involved in recycling processes, and that the Rab2/4/14 sub-
group speciﬁc residues we identiﬁed confer this biological
activity. The Rab14-speciﬁc residues we also identiﬁed, should
provide interaction speciﬁcity and we suggest, that this speci-
ﬁcity confers Rab14 function, perhaps in recycling processesbetween early endosomes and the Golgi cisternae. It is of note,
that Rab14 only partially co-fractionates with the here em-
ployed vesicular Rab markers, and that only about half of
the early endosomal AP-1 domain harbors Rab14. Rab14 spe-
ciﬁc function should therefore be found within the TGN
microdomain that is barely covered by early endosomal fac-
tors, such as EEA1 and Hrs.
Our functional EGF receptor degradation analysis demon-
strates that the overexpression of a dominant-negative GTP-
binding deﬁcient Rab14 mutant, that is restricted to localize
to the Rab14 Golgi donor compartment, accelerates the degra-
dation of internalized EGF. This indicates that the depletion
of functional Rab14 from the early endosomal compartment
might enhance the eﬃciency of early to late endosome/lyso-
some traﬃcking.
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Fig. 6. Overexpression of GFP-Rab14S25N accelerates EGF degra-
dation. Transfected HeLa cells were incubated for 60 min with Alexa
Fluor 555 labeled EGF at 37 C and chased for diﬀerent time periods.
The mean intensity of the Alexa Fluor 555 EGF signal from 10
transfected cells was determined. The percentage of undegraded EGF
in GFP control cells versus GFP-Rab14 and GFPRab14S25N
expressing cells is shown combined (a) or in separate graphs (b).
Results were veriﬁed in three independent experiments.
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Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febslet.2006.
08.053.
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